All relevant data are within the paper.

Introduction {#sec001}
============

The vertebrate semicircular canal (SCC) system helps coordinate body movement, including stabilization of an animal's visual gaze during locomotion \[[@pone.0159427.ref001]\]. Specifically, this sensory system measures head rotation and consists of mutually connected toroidal loops filled with endolymph fluid. This fluid is displaced in response even to very low-frequency (0.01--10 Hz) angular movement \[[@pone.0159427.ref002]--[@pone.0159427.ref004]\], leading to highly viscous flow (Reynolds number 0.5 \[[@pone.0159427.ref002]\]). The SCC endolymph displacement deflects apical hair bundles of hair cells ([Fig 1](#pone.0159427.g001){ref-type="fig"}) causing sensory transduction through the gating of mechanosensitive ion channels \[[@pone.0159427.ref005],[@pone.0159427.ref006]\]. A large morphological diversity of hair cell bundle morphology, e.g. kinocilia and stereocilia dimensions and arrangements is present throughout the metazoa (\[[@pone.0159427.ref007]\] and references therein). Hair bundles are subject to Brownian Motion or thermal noise \[[@pone.0159427.ref008]--[@pone.0159427.ref010]\], that results from the thermal agitation of water molecules, as first observed by Brown \[[@pone.0159427.ref011]\] and explained by Einstein \[[@pone.0159427.ref012]\] for freely diffusing particles. For cochlear and saccular hair cells, thermal (Brownian) noise amplitude varies inversely with frequency \[[@pone.0159427.ref008],[@pone.0159427.ref009]\], which impedes the detection of low frequencies due to a decreasing signal-to-noise ratio.

![Schematic overview of location and dimensions of the mechano-electrical transducer system in a generalised vertebrate semicircular canal system.\
(**a**) *In situ* position and general shape of the vertebrate labyrinth with the semicircular canals (modified after \[[@pone.0159427.ref013]\]). (**b**) Schematic overview of a single sensory ampulla. The semicircular canal is filled with endolymph fluid (light blue) that is displaced during head rotation (white arrow). The cupula (dark grey) is connected to the roof of the ampulla and embedded in a mass of mucopolysaccharide gel (orange). The sensory epithelium (light grey) contains hair cells with apical hair bundles consisting of stereovilli and one central kinocilium. The fluid flow of ampullar endolymph at the sensory epithelium is limited to the subcupular space between the sensory epithelium and cupula. (**c**) Schematic overview and dimensions of the cupula and apical hair bundles. The kinocilia tips penetrate tubuli in the cupula and can move freely radially and slide longitudinally, allowing Brownian Movement of the hair bundles. Dimensions are indicated in μm.](pone.0159427.g001){#pone.0159427.g001}

However, it is not well known how Brownian Motion noise affects the detection of hair bundle movements in SCC. In the cochlea, the effects of Brownian motion on a hair bundle displacement \[[@pone.0159427.ref014]--[@pone.0159427.ref016]\] are in the order of 1 nm. Free ampullary hairs of the glass eel (*Anguilla* sp.) demonstrate a 68 nm root-mean-square (rms) displacement due to Brownian Motion \[[@pone.0159427.ref017]\], a value that is almost two orders of magnitude higher than those observed in cochlear hair bundles and therefore surprisingly large \[[@pone.0159427.ref014],[@pone.0159427.ref017]\]. Micromechanical models \[[@pone.0159427.ref010]\] and measurements \[[@pone.0159427.ref017]\] show that hair bundle displacement due to thermal noise increases at the low frequency end of a cochlear hair cell's frequency sensitivity range. Because head movements provide very-low frequency input, i.e. for humans the time constants are 5 ms and 20 s, with a natural frequency of 0.5 Hz (an elaborate survey of these quantities can be found in \[[@pone.0159427.ref002]\]), the influence of thermal noise due to Brownian motion at the hair bundles of the SCC can be expected to be even stronger. The detection of very-low frequency head movement may thus be impeded due to a decreasing signal-to-noise ratio.

What constitutes the actual micro-mechanical stimulus to SCC hair bundles is debatable. The apex of each hair cell contains hair bundles of which the single slim kinocilium is about 70 μm long \[[@pone.0159427.ref018]\]. In eel, about 10 μm of the kinocilia tips (1/6 of the kinocilium height) is embedded in 2--3 μm wide, mucopolysaccharide-filled channels in the gelatinous cupula \[[@pone.0159427.ref019]\] ([Fig 1](#pone.0159427.g001){ref-type="fig"}), which is anchored onto the roof of the ampulla. The cupula is generally thought to provide the mechanical stimulus to the hair cells based on experiments where cupula removal led to reduced activity in the afferent nerve \[[@pone.0159427.ref018],[@pone.0159427.ref020]\]. However, experiments by Suzuki and colleagues \[[@pone.0159427.ref020]\] in frogs support an alternative hypothesis. They repositioned the cupula after initial removal, and observed that the neural response fully recovered due to repositioning \[[@pone.0159427.ref020]\]. The cupula now must have pressed on the kinocilia tips, as it is highly improbable that all kinocilia tips moved back into their canals and reconnected to the cupula. In addition, they also repositioned the cupula upside-down which also recovered the neural response \[[@pone.0159427.ref020]\], albeit partial.

These experiments provide support for the hypothesis that it is not the cupula but the viscous endolymph flow in the subcupular space that provides the actual stimulus to the hair bundles \[[@pone.0159427.ref003],[@pone.0159427.ref021],[@pone.0159427.ref022]\]. Contrary to the current view that the cupula would move the hair bundles, these data suggest that the endolymph presses on the hair bundles and deflects them. In turn, the hair bundles move the base of the cupula. Additionally, the kinocilia do not break upon cupula removal, which strongly suggest they are not firmly anchored into the cupula \[[@pone.0159427.ref018],[@pone.0159427.ref020],[@pone.0159427.ref023]\] and potentially even slide inside its tubules ([Fig 1](#pone.0159427.g001){ref-type="fig"}). It is therefore highly probable that the cupula acts as a stabilizing, guiding and protecting structure for the hair bundles and the endolymph flow, instead of a structure which mechanically mediates the hydrodynamic force of the endolymph to the hair bundles as suggested earlier \[[@pone.0159427.ref021]\]. Supporting this view is the fact that a cupula is not present in the SCC of hagfish \[[@pone.0159427.ref024]\]. The presence of the cupula may be crucial for SSC functioning, however we argue it is so not because it directly moves the kinocilia, but because it has strong effects on the subcupular fluid flow of the endolymph that provides the mechanical stimulus to the kinocilia \[[@pone.0159427.ref003]\].

In rest, the tips of the hair bundles were observed to show Brownian Motion with a magnitude of ca. 70 nm \[[@pone.0159427.ref017]\]. This Brownian Motion is perpendicular to their long axis. The cupular tubuli are wide enough (2--3 μm) to allow for this motion (although the observation of 70 nm was done for detached bundles). As far as we know, no information is currently available regarding Brownian movement of the hair bundles when they are stimulated by the endolymph flow when the head is rotated and/or when the kinocilia slide longitudinally in the tubuli of the cupula.

Here, we test the hypothesis that SCC hair cells have adapted hair bundle properties to circumvent signal input masking by Brownian Motion. To test this hypothesis, we performed numerical experiments using biophysical models of hair bundles. We found strong agreement between our model's predictions and pre-existing experimental observations. Brownian Movement consists of white noise that is low-pass filtered by the water molecules and by the biological structures we are interested in. Our models suggest that at frequencies \<10 Hz hair bundle properties require changes in material properties and morphology to circumvent Brownian Motion masking. These adaptations would allow for the successful detection of very low frequency mechanical stimuli. Consequently, we observe that SCC hair cells require about a hundredfold larger input stimuli compared to e.g. cochlear cells, and we argue this is to circumvent Brownian motion overload at the hair bundles. Furthermore, we suggest that the selective advantage of detecting such low frequency stimuli has shaped the evolution of large guiding structures, such as the semicircular ducts, to circumvent the masking effects of Brownian motion noise at the mechanoreceptor hair bundles.

Methods {#sec002}
=======

Hair bundle model {#sec003}
-----------------

We performed numerical experiments using biophysical models of hair bundles. To consider the excitation of hair bundles by physiological stimuli, the system can be considered a damped mass-spring system that ranges from under-damped, with a damping ratio \<1, such as lateral line and auditory cells, to heavily over-damped, with a damping ratios of about 30 such as ampullar cells, as described in detail in e.g. \[[@pone.0159427.ref002],[@pone.0159427.ref003]\].

To consider excitation of the hair bundles by Brownian Motion, a different approach is required. We model hair bundles as stiff rods that are elastically connected to the cell body at their base \[[@pone.0159427.ref025]\]. The bundle is bombarded sideways (i.e. in two dimensions) by groups of water molecules, which evoke the Brownian motion ([Fig 2](#pone.0159427.g002){ref-type="fig"}). Concurrently frictional and elastic forces counteract the Brownian Motion-force. To allow for the huge morphological and structural diversity of hair cells, their kinicilia and stereovilli arrangements (see e.g. \[[@pone.0159427.ref007]\]) we consider a rod as an elongated body with an equivalent radius to which Stokes' law for viscous flow is applicable. The tip of the hair bundle moves randomly about its mean position and has a characteristic rms excursion.

![Schematic representation of hair bundle models.\
**a**, low-frequency Group I hair bundle and **b**, the high-frequency Group II hair bundle. Groups of water molecules (blue spheres) bombard a Group I hair bundle, which results in Brownian motion (BM) of the hair bundle tip. The cumulative bombardments result in a net force (*R*). Both hair bundles exhibit displacement (*x*) around a mean and are elastically coupled to the base with elasticity constant *k*.](pone.0159427.g002){#pone.0159427.g002}

We aim at providing a thorough analysis of Brownian motion mechanics to clarify our assumptions and ensure correct equation dimensionality. We assume linear elasticity at the hair bundle base as outlined in \[[@pone.0159427.ref025]\] and applying Hooke's law. A force-balance equation as a function of time provides the equation of motion (see [Table 1](#pone.0159427.t001){ref-type="table"} for symbols, quantities and used parameter values): $$m \cdot \frac{d\overset{˙}{x}\left( t \right)}{dt} = R\left( t \right) - \gamma \cdot \overset{˙}{x}\left( t \right) - \kappa \cdot x\left( t \right)\text{   }\lbrack\text{N}\rbrack$$ with *x(t) =* hair bundle tip displacement, *R*(*t*) = the Brownian Motion force, *γ* = the friction coefficient, *γ = 6π⋅η⋅r⋅r*~*eq*~ (Stoke's law for a prolate rod with radius *r* and a correction factor for cylindrical bodies *r*~*eq*~), and κ = the elasticity constant of the hair bundle. We could not find any information about distributed Brownian Motion bombardment of a cylindrical rod. We thus modelled the hair bundle as an elastically bound particle with the mass of the entire bundle and a dimensionless spring to determine the inertial and elastic forces, and as a stiff cylindrical rod to determine the friction-forces. This hair bundle is hit by water molecule clusters causing the Brownian Movement. Inertial forces are negligible as argued below. We also considered complexities due to rotation of the hair bundle to be of minor importance, as the hair bundle-excursions are small. The resulting model is a stiff, cylindrical elastic rod with mass *m* and subject to friction and thermal agitation.

10.1371/journal.pone.0159427.t001

###### Symbols and values of used quantities.

![](pone.0159427.t001){#pone.0159427.t001g}

  Symbol                  Physical quantity                                                                                                           Group I (r~eq~ = 10)               Group II (r~eq~ = 1)                                       units
  ----------------------- --------------------------------------------------------------------------------------------------------------------------- ---------------------------------- ---------------------------------------------------------- ---------
  *A*,*a*,*B*,*b*         local constants (Eqs [8](#pone.0159427.e010){ref-type="disp-formula"}--[10](#pone.0159427.e012){ref-type="disp-formula"})                                                                                                 
  *D*                     diffusion constant: *D = kT/γ*                                                                                              3.8E-14                            6.4E-14                                                    m^2^/s
  *f*                     frequency                                                                                                                                                                                                                 Hz
  *f~c~*                  corner frequency *f*~*c*~ *= λ/T*~*c*~                                                                                                                                                                                    Hz
  K                       the Boltzmann constant                                                                                                      1.38E-23                           1.38E-23                                                   J/°K
  M                       mass of hair bundle                                                                                                         1.13E-13                           5.24E-15                                                   kg
  l                       length of hair bundle                                                                                                       65E-6                              7E-6                                                       m
  *r*                     radius of hair bundle                                                                                                       0.5E-6                             3E-6                                                       m
  *r*~*eq*~               equivalent radius                                                                                                           10                                 1                                                          
  *s*                     Laplace-operator                                                                                                                                                                                                          Hz
  *R(t)*                  Brownian noise force                                                                                                                                                                                                      N
  t                       time                                                                                                                                                                                                                      s
  *T*~*0*~                absolute temperature                                                                                                        293                                293                                                        °K
  *T*~*c*~                time constant: *T*~*c*~ *= γ/k*                                                                                             2.4                                1.3E-4                                                     s
  *x*, $\overset{˙}{x}$   hair bundle displacement (with derivative)                                                                                                                                                                                m
  *X\*(0)*                Brownian motion hair bundle-tip (rms)                                                                                       68E-9 \[[@pone.0159427.ref017]\]   0.6E-9                                                     m
  γ                       friction coefficient:*γ = 6π·η·r⋅r*~*eq*~                                                                                   1.06E-7                            6.35E-8                                                    kg/s
  *η*                     dynamic viscosity                                                                                                           1.124E-3                           1.124E-3                                                   Pa·s
  κ                       Elasticity constant                                                                                                         4.4E-8                             500E-9 \[[@pone.0159427.ref005],[@pone.0159427.ref009]\]   N/m
  *λ*                     *x*^*2*^                                                                                                                                                                                                                  m^2^
  Λ                       Laplace transform of *λ*                                                                                                                                                                                                  m^2^/Hz
  ω                       angular frequency                                                                                                                                                                                                         rad/s
  τ                       time constant                                                                                                               1.2                                0.065E-4                                                   s

The values with an equivalent radius of *r*~eq~ = 1 are represent those of a freely moving (i.e. without elasticity) spherical particle with a radius of 3 μm. The column for *r*~eq~ = 10 represents values relevant for a freely moving prolate rod with a length/radius ratio of 30--60 and a radius of 0.5 μm.

Because we are interested in the frequency-spectrum of the sensitivity, we transform ([Eq 1](#pone.0159427.e001){ref-type="disp-formula"}) into the frequency domain using the Laplace-transform. This cannot be done directly as the Laplace-transform of the noise force *R*(*t*) is unknown to our knowledge. Therefore, we modify ([Eq 1](#pone.0159427.e001){ref-type="disp-formula"}) to an energy-balance equation by multiplying it by *x*, applying Boltzmann's equipartition theorem in two dimensions (because of the sideward's bombardment of the rod) and introducing *λ = x*^*2*^, which yields: $$m\overset{¨}{\lambda} + ~\gamma\overset{˙}{\lambda} + 2\kappa\lambda = 4kT\text{   }\left\lbrack \text{J} \right\rbrack$$

([Eq 2](#pone.0159427.e003){ref-type="disp-formula"}) is the basic equation describing a balance of Brownian Motion energies, including thermal agitation of water-molecules, inertia and elasticity of the hair bundle, and hydrodynamic friction. The derivation of Eqs ([1](#pone.0159427.e001){ref-type="disp-formula"}) to ([2](#pone.0159427.e003){ref-type="disp-formula"}) can be found in detail in \[[@pone.0159427.ref025]\], section 15.6 and is not repeated here. As can be seen in ([Eq 2](#pone.0159427.e003){ref-type="disp-formula"}), frictional- and elastic forces counteract the Brownian Motion-force on the hair bundle. However, as argued by Einstein \[[@pone.0159427.ref026]\] (section 2) for freely diffusing particles, the influence of inertial forces can be ignored because of the relative large mass of these particles compared to the bombarding water molecule clusters. For a hair bundle inertial forces can thus also be ignored because its relative mass is much larger than the mass of a freely diffusing particle. This approach also justifies that we consider tip-excursions of the hair bundle rather than the excursion of its centre of mass.

These considerations reduce ([Eq 2](#pone.0159427.e003){ref-type="disp-formula"}) to: $$~\gamma\overset{˙}{\lambda} + 2\kappa\lambda = 4kT\text{  }\lbrack\text{J}\rbrack$$

To simplify ([Eq 3](#pone.0159427.e004){ref-type="disp-formula"}) we introduce the diffusion constant (*D = kT/γ*) and the characteristic time constants for energy (τ) and displacement (*T*~c~) respectively (*τ = γ/2k = T*~*c*~*/2*), which yields: $$\tau\overset{˙}{\lambda} + \lambda = 4D\tau\text{   }\lbrack\text{m}^{2}\rbrack$$

To solve and obtain *λ* we perform the Laplace transform of ([Eq 4](#pone.0159427.e005){ref-type="disp-formula"}): $$\Lambda\left( s \right) = \left( {4D\tau} \right)\left( \frac{1}{s} \right)\left( \frac{1}{s \cdot \tau + 1} \right)\text{   }\lbrack\text{m}^{2}/\text{Hz}\rbrack$$ and back-transform ([Eq 5](#pone.0159427.e006){ref-type="disp-formula"}) to the time-domain: $$\lambda = \left( {4D\tau} \right)\left( {1 - e^{- \frac{t}{\tau}}} \right)\text{   }\left\lbrack \text{m}^{2} \right\rbrack$$

([Eq 6](#pone.0159427.e007){ref-type="disp-formula"}) describes the development of the power (*λ*) starting from a hypothetical rest-situation at *t* = 0 under influence of bombardments of water molecule groups. Since $x = \sqrt{\lambda}$, the development of the average displacement (*x*) to a final rms value is: $$x = \sqrt{4D\tau}\sqrt{\left( {1 - e^{- \frac{t}{\tau}}} \right)}\text{   }\lbrack\text{m}\rbrack$$

As we are interested in hair bundle response in the frequency domain, we need to perform the Laplace-transform again. However, ([Eq 7](#pone.0159427.e009){ref-type="disp-formula"}) is difficult to transform directly and therefore we chose an alternative approximation for ([Eq 7](#pone.0159427.e009){ref-type="disp-formula"}) as the sum of two exponential functions, which is easy to transform: $$x = \sqrt{4D\tau} \cdot \left\lbrack {A\left( {1 - e^{- \frac{t}{a\tau}}} \right) + B\left( {1 - e^{- \frac{t}{b\tau}}} \right)} \right\rbrack\text{   }\lbrack\text{m}\rbrack$$ in which A+B = 1. The values A = 0.25, a = 0.033, B = 0.75 and b = 0.78 result in a small error of 3% between Eqs ([7](#pone.0159427.e009){ref-type="disp-formula"}) and ([8](#pone.0159427.e010){ref-type="disp-formula"}). To avoid unrealistic large errors for small values of *t*, the error is considered with respect to the maximal values of Eqs ([7](#pone.0159427.e009){ref-type="disp-formula"}) and ([8](#pone.0159427.e010){ref-type="disp-formula"}). The Laplace-transform of ([Eq 8](#pone.0159427.e010){ref-type="disp-formula"}) is: $$X\left( s \right) = \sqrt{4D\tau} \cdot \left( \frac{1}{s} \right)\left\lbrack {A\left( \frac{1}{s \cdot a \cdot \tau + 1} \right) + B\left( \frac{1}{s \cdot b \cdot \tau + 1} \right)} \right\rbrack\text{   }\left\lbrack {\text{m}/\text{Hz}} \right\rbrack$$

The frequency-dependent behaviour of the hair bundle is obtained by letting *s → jω* and determining the Bode-amplitude-spectrum: $$X^{*}\left( f \right) = ~f \cdot X\left( f \right) = \frac{1}{\pi\sqrt{2}} \cdot \sqrt{\frac{kT}{\kappa}}\left\lbrack {A\left( \frac{1}{\sqrt{\pi^{2}f^{2}a^{2}T_{c}{}^{2} + 1}} \right) + B\left( \frac{1}{\sqrt{\pi^{2}f^{2}b^{2}T_{c}{}^{2} + 1}} \right)} \right\rbrack\text{   }\lbrack\text{m}\rbrack$$

([Eq 10](#pone.0159427.e012){ref-type="disp-formula"}) described the spectrum visualized in [Fig 2](#pone.0159427.g002){ref-type="fig"}. As *T*~*c*~ *= γ/κ*, this quantity depends on elasticity, friction and bundle radius.

The low-frequency plateau of ([Eq 10](#pone.0159427.e012){ref-type="disp-formula"}) is: $$X^{*}\left( 0 \right) = ~\frac{1}{\pi\sqrt{2}} \cdot \sqrt{\frac{kT}{\kappa}}\text{   }\lbrack\text{m}\rbrack$$ which is independent of *γ* and therefore of both friction and bundle-radius. The used parameter values are listed in [Table 2](#pone.0159427.t002){ref-type="table"}.

10.1371/journal.pone.0159427.t002

###### Construction of hair cell amplitude spectra.

![](pone.0159427.t002){#pone.0159427.t002g}

  Line\#   Organ          Cells                               Genus                      Source                                                          Roll-off (Hz)   Max displacement (nm)   Transfer
  -------- -------------- ----------------------------------- -------------------------- --------------------------------------------------------------- --------------- ----------------------- ----------
  1        Otolith        Utricular                           *Chinchilla*, *Homo*       Model \[[@pone.0159427.ref027]\]                                1.6 LP          3.5e3                   x/y"
  2        Otolith        Utricular                           *Saimiri*, *Homo*          Model \[[@pone.0159427.ref028]\]                                0.032 BP 9.95   3.5e3                   x/y"
  3        Statocyst      C1-crista                           *Octopus*, *Allotheutis*   Measurement \[[@pone.0159427.ref029],[@pone.0159427.ref030]\]   0.25 BP 1       5e3                     x/y"
  4        Statocyst      C2-crista                           *Octopus*, *Allotheutis*   Measurement \[[@pone.0159427.ref029],[@pone.0159427.ref030]\]   0.1 BP 1        5e3                     x/y"
  5        Ampulla        HC-crista                           *Opsanus*                  Measurement \[[@pone.0159427.ref031]\]                          0.03 BP 15      10e3                    x/y'
  6        Ampulla        All cristae                         *Homo*                     Model \[[@pone.0159427.ref002]\]                                0.008 BP 31.8   10e3                    x/y'
  7        Cochlea        3^rd^ turn outer hair cells (OHC)   *Cavia*                    Measurement \[[@pone.0159427.ref032]\]                          220 HP          400                     x/y
  8        Cochlea        4^th^ turn OHC                      *Cavia*                    Measurement \[[@pone.0159427.ref032]\]                          700 HP          400                     x/y
  9        Cochlea        4^th^ turn OHC                      *Cavia*                    Model \[[@pone.0159427.ref032]\]                                700 HP          400                     x/y
  10       Lateral line   Supraorbital                        *Acerina*                  Measurement \[[@pone.0159427.ref033]\]                          118 HP          115                     x/y
  11       Lateral line   Supraorbital                        *Xenomystus*               Measurement \[[@pone.0159427.ref033]\]                          418 HP          100                     x/y
  12       Neuromast      Free neuromast                      *Xenopus*                  Measurement \[[@pone.0159427.ref034]\]                          25--40 HP       300                     x/y

Characteristics and source of amplitude spectra in [Fig 3](#pone.0159427.g003){ref-type="fig"} based on published measurements. The first column refers to the numbered lines in [Fig 3](#pone.0159427.g003){ref-type="fig"}. The roll-off frequencies in column 6 are indicated as a low-pass (LP), band-pass (BP), or high-pass (HP) filter. The last column indicates whether data were originally presented as acceleration (x/y"), velocity (x/y') or displacement (x/y) data. The cephalopods curves 3 and 4 in [Fig 3](#pone.0159427.g003){ref-type="fig"}, were rescaled according to Fig 7 in \[[@pone.0159427.ref029]\] and the maximal excursion was taken from *Allotheutis* \[[@pone.0159427.ref030]\].

![Tip displacement of the hair bundle model due to Brownian motion.\
Calculated root-mean-square displacement of modelled hair bundle tips as a function of frequency and bundle radius. As input parameters we used (**a**) the low-frequency Group I hair bundle and (**b**) the high-frequency Group II hair bundle (see text). Please note that the frequency axis is inverted for clear display of the roll-off frequencies. The low-frequency plateau is only dependent on the elasticity constant \[([Eq 11](#pone.0159427.e013){ref-type="disp-formula"})\]. Hair bundle maximum tip displacement equals 68 nm for Group I in (**a**) and 0.6 nm for Group II in (**b**). The roll-off frequency depends on hydrodynamic friction, hair bundle morphology and endolymph viscosity \[([Eq 10](#pone.0159427.e012){ref-type="disp-formula"})\].](pone.0159427.g003){#pone.0159427.g003}

Neural response curves {#sec004}
----------------------

We constructed frequency sensitivity, i.e. hair bundle displacement plots vs. frequency across a range of vertebrate species and hair cell mechanoreceptor types. To obtain displacement data, we rescaled original data from velocity or acceleration data (For sources see [Table 2](#pone.0159427.t002){ref-type="table"}). If only gain was provided, the absolute excursions were derived from the text of other publications as indicated in [Table 2](#pone.0159427.t002){ref-type="table"}. Each hair cell demonstrates maximum displacement amplitude of the frequency characteristics where output saturation occurs, i.e. a higher amplitude stimulus will not further increase neural output parameters such as spike rate \[[@pone.0159427.ref004]\]. Based on these data we recognised two distinctly separated groups of hair cells. The first group (Group I) contains hair cells that react to frequency input ranging from 0.004--30 Hz, and the second group (Group II) contains hair cells that react to frequency input ranging from 10 Hz to 150 kHz.

Hair bundle model parameters {#sec005}
----------------------------

The model input for Group I and II hair bundles is listed in [Table 1](#pone.0159427.t001){ref-type="table"}. For low-frequency hair cells (Group I), the length of the kinocilium is about 70 μm and the radius 0.5--1 μm \[[@pone.0159427.ref017]\]. This equals a length/radius ratio of 70--140. The longest stereovilli are about 14 μm long. To take the contribution of the stereovilli into account regarding the mechanical properties of the hair bundle, we use a length/radius ratio for the modelled rod of 30--60. The rod is considered as an elongated (i.e. prolate) body to which Stokes' law for viscous flow is applicable. Conveniently, the force calculated by Stokes' law for a single sphere of small dimensions is modified for a prolate body \[[@pone.0159427.ref035]\] by an equivalent radius *r*~*eq*~. With a length/radius ratio of 30 to 60, the equivalent radius *r*~*eq*~ ranges from 10 to 13. The dimension of vestibular hair cell stereovilli as well as the diameter of cochlear inner and outer hair cell stereovilli differs widely amongst metazoans. Our approach---using different equivalent radii---allows for the inclusion of the large observed variation in both kinocilia and stereovilli arrangements and morphologies. For high-frequency hair cells (Group II), the length of the hair bundle rod measures about 7 μm and the radius 3.5 μm (mean values for various receptors), which corresponds to a length/radius ratio of 2. The equivalent radius equals 1 (i.e. spheroid structure \[[@pone.0159427.ref036]\]).

To our knowledge, no direct stiffness measurements of Group I hair bundles exist. However, we used our hair bundle model to calculate the stiffness of a Group I hair bundle from the magnitude of movement of free hair bundle tips. Brownian Movements of the tips of free ampullary bundles of the glass eel, and of particles in the endolymph next to the hair bundle tips measure 68 nm at a bundle-length of 65 μm \[[@pone.0159427.ref017]\]. This value has been argued to be surprisingly large \[[@pone.0159427.ref014],[@pone.0159427.ref017]\].

With ([Eq 11](#pone.0159427.e013){ref-type="disp-formula"}) we calculated the elasticity-constant *κ* to be 44 nN/m using the observed Brownian Motion of 68 nm. Similarly, we calculated Brownian Motion for the Group I hair bundle substituting the measured stiffness of 500 nN/m \[[@pone.0159427.ref005],[@pone.0159427.ref037]\] in ([Eq 11](#pone.0159427.e013){ref-type="disp-formula"}).

Results {#sec006}
=======

A hair bundle exhibits a mechanical response to successive bombardments from groups of water molecules, which result in the Brownian Motion. Our results show that hair bundle displacement amplitude is mostly affected by Brownian Motion at lower frequencies, where it is independent of friction and bundle-radius ([Fig 3](#pone.0159427.g003){ref-type="fig"} and [Eq 11](#pone.0159427.e013){ref-type="disp-formula"} in [Methods](#sec002){ref-type="sec"}). At higher frequencies (lower left regions in [Fig 3a and 3b](#pone.0159427.g003){ref-type="fig"}), the amplitude of displacement decreases with stiffness, friction and bundle radius ([Eq 10](#pone.0159427.e012){ref-type="disp-formula"} in [Methods](#sec002){ref-type="sec"}) and therefore the effect of Brownian Motion on the hair bundle tip deflection is much reduced.

Movement of the hair bundle modulates the hair cell's neural output \[[@pone.0159427.ref006]\]. To compare hair cell neural responses as a function of hair bundle displacement across vertebrate hair cells, we combined frequency sensitivity data from a wide range of mechanoreceptors and species based on both measurements and models (see [Methods](#sec002){ref-type="sec"}). This analysis shows that vertebrate sensory hair cells translate displacement, spanning an impressive amplitude range from 10^−1^ to 10^4^ nm and a frequency range of 10^−3^ to 10^5^ Hz ([Fig 4](#pone.0159427.g004){ref-type="fig"}). Furthermore, displacement and frequency response divide hair cells into two distinctly separated groups ([Fig 4](#pone.0159427.g004){ref-type="fig"}). The first group (Group I) consists of hair cells that react to frequency input ranging from 0.004--30 Hz. These are those that are found in the semicircular canals, otolith organs \[[@pone.0159427.ref002],[@pone.0159427.ref027]\] and cephalopod statocysts \[[@pone.0159427.ref029],[@pone.0159427.ref030]\] and require large hair bundle tip-displacements of 300 nm---10 μm. The second group (Group II) consists of hair cells that react to frequency input ranging from 10 Hz to 150 kHz. They are 30--100 times more sensitive with maximal hair bundles tip-displacement of only 100--300 nm. This group includes hair cells of the lateral line system \[[@pone.0159427.ref038]\], free neuromasts \[[@pone.0159427.ref034]\] and the cochlea of the auditory system \[[@pone.0159427.ref032]\]. Although considerable variation in morphology of hair bundles is found, the length of Group I hair bundles is about 70 μm \[[@pone.0159427.ref017]\] making them, on average, roughly 10 times longer than Group II bundles, which measure around 7 μm \[[@pone.0159427.ref005]\].

![Stimulus displacement and frequency response of hair-cell mechanoreceptors.\
We compiled and transformed data from a range of vertebrate hair cells into displacement vs. frequency response curves (see [Methods](#sec002){ref-type="sec"} and [Table 1](#pone.0159427.t001){ref-type="table"}). Neural output saturation occurs above each curve. This Fig demonstrates the complementary character of Group I hair cells (ampullary-, cephalopod statocyst- and otolith) compared to Group II sensors (lateral line, free neuromasts and cochlea) in frequency and sensitivity as indicated by the red (Group I) and blue (Group II) areas. The graded shaded areas and dashed horizontal lines indicate the Brownian motion low-frequency plateau from our numerical experiments ([Fig 1](#pone.0159427.g001){ref-type="fig"}). The bars along the abscissa indicate the frequency-ranges for the auditory system of (h) human (w) whales and (b) bats \[[@pone.0159427.ref039]\]; 1, ampulla of *Opsanus* \[[@pone.0159427.ref031]\]; 2, *Homo* \[[@pone.0159427.ref002]\]; 3,4, statocyst of *Octopus* and *Sepia* \[[@pone.0159427.ref029],[@pone.0159427.ref030]\]; 5--7, cochlea of *Cavia* \[[@pone.0159427.ref032]\]; 8, lateral line of *Acerina* \[[@pone.0159427.ref033]\]; 9, *Xenomystus* \[[@pone.0159427.ref033]\]; 10, free neuromast of *Xenopus* \[[@pone.0159427.ref034]\]. This figure clearly demonstrates that the SNR for both Group I and II hair cells is in the order of magnitude of about 100. With a Brownian Motion displacement amplitude of 100 nm, the SNR for Group II hair cells would be about 1.](pone.0159427.g004){#pone.0159427.g004}

Using our model, we can calculate bundle displacement due to Brownian Motion for generalised Group I and Group II hair bundles. We use input parameters for our model as listed in [Table 1](#pone.0159427.t001){ref-type="table"} (see also [Methods](#sec002){ref-type="sec"}). The rms bundle displacement due to Brownian motion is 70 nm and 20 nm or less for a Group I and II hair bundle respectively ([Fig 3](#pone.0159427.g003){ref-type="fig"} and horizontal dotted lines in [Fig 4](#pone.0159427.g004){ref-type="fig"}). With these values we can consider the order of magnitude of the hair bundle displacement signal-to-noise ratio (SNR). For a Group I hair cell, measured displacement is 500 nm---10 μm (line 4 and 1 in [Fig 4](#pone.0159427.g004){ref-type="fig"} respectively) and noise due to the Brownian Motion is maximal 70 nm, resulting in a SNR of about 10--140. For a Group II hair cell, measured displacement is 100--400 nm and noise due to the Brownian Motion is maximal 20 nm, resulting in a SNR of an order of magnitude 5--20.

Discussion {#sec007}
==========

Our data support the hypothesis that SCC hair cells have adapted hair bundle properties to circumvent signal input masking by Brownian Motion. Our model estimates the observed Brownian motion induced hair bundle displacement for both Group I and II hair bundles, using the physical parameters listed in [Table 1](#pone.0159427.t001){ref-type="table"}. As mentioned in the introduction, the available width of the cupular canals \[[@pone.0159427.ref019]\] (2--3 μm) should allow the observed 68 nm displacement of free ampullary hairs of the glass eel (*Anguilla* sp.) \[[@pone.0159427.ref017]\]. For Group II hair bundles, our model predicts a Brownian motion tip displacement of 20 nm or less at the corner frequency. This is in order of magnitude agreement with the measured maximal value of 2 nm \[[@pone.0159427.ref014]\] that is rapidly reached at higher frequencies. To detect low frequencies \<10 Hz, earlier theoretical work \[[@pone.0159427.ref002],[@pone.0159427.ref003]\] shows that hair bundles need to reduce stiffness and increase length compared to Group II hair bundles, which is consistent with observations \[[@pone.0159427.ref017]\]. The stiffness of a cochlear hair bundle measures 500 nN/m \[[@pone.0159427.ref005],[@pone.0159427.ref037]\] and we calculated the stiffness of an Group I bundle to be 44 nN/m making the Group I bundles 10 times less stiff than Group II bundles, corroborating previous estimates \[[@pone.0159427.ref040]\]. Given that Group I hair bundles are about 10 times longer than those in Group II, this length increase (i.e mass increase) and stiffness decrease also increases the deflection of the hair bundle caused by Brownian Motion.

As a consequence of increasing Brownian motion noise, the signal to noise ratio (SNR) for the Group II hair cells decreases about a factor 4. The Group II hair cells SNR decreases from 5--20 to only 1.24--5. This outcome is also supported by predictions based on micromechanical models \[[@pone.0159427.ref010]\] suggesting that below 20 Hz Brownian Motion noise is about 50 nm above the relevant noise level for auditory hairs ([Fig 3](#pone.0159427.g003){ref-type="fig"} in \[[@pone.0159427.ref010]\]). For stimuli near the detection threshold, noise resulting from the Brownian Motion can mask the displacement signal \[[@pone.0159427.ref009],[@pone.0159427.ref010],[@pone.0159427.ref015]\] and several passive and active amplification mechanisms have been discovered that should allow cochlear \[[@pone.0159427.ref014],[@pone.0159427.ref041],[@pone.0159427.ref042]\], saccular \[[@pone.0159427.ref016]\] and SSC \[[@pone.0159427.ref043]\] hair cells to detect thresholds below Brownian Motion at their peak frequency sensitivity. For example, increasing the displacement amplitude noise by a factor of 1.4 can increase signal detector by stochastic resonance, but at a factor of 10 the signal disappears \[[@pone.0159427.ref014]\]. Another example is the phenomenon of binaural masking level difference (BMLD) where an identical signal played at each ear, masked by identical noise at each ear, can be made 12--15 dB (i.e. sound pressure level difference factor 4.0--5.6) more detectable by inverting the waveform of either the tone or noise at one ear \[[@pone.0159427.ref044]\]. However, even with such significant neural amplification mechanisms, the displacement signal still has to be in the order of magnitude of the Brownian Motion noise to be detected. However, at frequencies \< 10 Hz, most group II hair bundles (except for the free neuromast of *Xenopus* (line 10 in [Fig 4](#pone.0159427.g004){ref-type="fig"}) would be masked by Brownian Motion noise that is more than two order of magnitude larger ([Fig 4](#pone.0159427.g004){ref-type="fig"}) and therefore unlikely to be detected by neural amplification mechanisms. Thus, to detect frequencies \< 10 Hz we observed that hair bundles have decreased their sensitivity to overcome the masking effects of Brownian Motion. Consequently, large momentum stimuli are required to overcome this decreased sensitivity. In the SCC increasing stimulus momentum can be accomplished by either increased mass or reduced friction \[[@pone.0159427.ref003]\]. Because fluid friction can only be reduced to a very limited extent, we suggest that the only viable option may be to increase mass of the fluid system stimulating the mechanoreception hair bundle.

We suggest that low frequency rotation detection required the evolution of guiding structures that provide larger momentum stimuli, such as stimulation by a larger mass of endolymph flow, which provide an explanation for the presence of large semicircular canals. Gradual selection for increased mass over evolutionary time will have allowed for lower frequency mechanoreception. In addition, higher frequency components of the stimuli to the hair bundles are filtered out due to inertial effects of increased mass. Therefore, an alternative explanation for the presence of semicircular canals and otoliths may be selection for increased mass to simply isolate low frequency stimuli. However, our data suggest that despite such better-tuned low frequency stimuli, Brownian Motion noise alone under natural conditions would still reduce the SNR for Group II cells and therefore reduce the SNR and mask the embedded input stimulus.

A basic assumption of our models is that the flow coming from the semicircular ducts acts directly on the hair bundles through the space between the epithelium of the crista and the cupula (the subcupular space). This view was put forward for the first time by Dohlman \[[@pone.0159427.ref021]\] supported by experiments \[[@pone.0159427.ref020]\] and implemented and tested by hydrodynamical models of the SCC \[[@pone.0159427.ref003]\]. When the subcupular space is very narrow almost no flow can occur, and therefore the fluid velocity is low. On the other hand for a very wide space, the fluid velocity is also low. Thus in between, a maximal endolymph velocity must occur. Hydrodynamical models based on subcupular space activation of the cupula predicted that the length- and diameter-ratios of the semicircular canal and the subcupular space indeed maximized endolymph velocity, which was confirmed by measurements \[[@pone.0159427.ref003]\]. These models and experimental data thus support the notion that the subcupular space activates the cupula. Additionally, the cupula is at its distal end firmly anchored to the ampullar roof and also embedded in a mucopolysaccharide-gel \[[@pone.0159427.ref018]\]. This implies that endolymph forces and Brownian Motion forces are interacting directly at the hair bundle, instead via a relatively massive cupular structure. Interestingly, in the primitive vertebrate *Myxine* no cupula is present \[[@pone.0159427.ref024]\], which supports the above view. Either way, for our considerations regarding Brownian Motion, it is in our view not relevant whether the endolymph flow and hair bundles motion move the cupula or that the cupula would move the hair bundles. The canaliculi in the cupula are also filled with mucopolysaccharides albeit here much more dilute. This probably keeps the mean distal positions of the kinocilia stable, also during stimulation. But, nevertheless, the entire hair bundles will still undergo the influence of BM forces.

Rüsch and Thurm \[[@pone.0159427.ref017]\] discovered that mechanical stimuli may induce undulatory movements of the kinocilia. Electrical stimuli had no effect. This lead us to think that the cupula may slide along the (many) kinocilia in a vertical direction. In this way, the subcupular space might be widened, and consequently its amplifying function weakened. In this way, the combined movements of the kinocilia might protect hair bundles for overstimulation (see \[[@pone.0159427.ref003]\]). Obviously, these speculations require experimental validation.

Our simplified model predicts that for hair bundles the following features are of importance: (1) The low frequency plateau i.e. the amplitude of Brownian motion is only dependent on hair bundle elasticity (*κ*) ([Eq 11](#pone.0159427.e013){ref-type="disp-formula"}). (2) The roll-off frequency (i.e. the inverse of the time constant *T*~*c*~ *= γ/κ*) is dependent on elasticity (*κ*), hair bundle radius (*r*) and hair bundle length (expressed in equivalent radius *r*~*eq*~, see text with [Eq 1](#pone.0159427.e001){ref-type="disp-formula"}). Therefore, the roll-off frequency increases with bundle stiffness. As the ampullar bundles are highly compliant, their roll-off frequencies are low. From Eqs [1](#pone.0159427.e001){ref-type="disp-formula"} and [10](#pone.0159427.e012){ref-type="disp-formula"} and their descriptions, it follows that roll-off frequency is also inversely proportional to hair bundle length, but not to radius. This implies that for our analysis hair bundle width is not relevant. The biological variation of hair bundle lengths found within Group I (vestibular system) and within Group II hair bundles (lateral line, auditory system) is small compared to the difference between these groups. The architecture of crista and cupula varies greatly among all 45,000 species of extant vertebrates. Future work will be required to establish a more elaborate overview of hair cell morphologies, their frequency responses and effects of Brownian Motion.

Molecular data favours the explanation that the insensitive hair cells found in the SCC share a common ancestor with hair cells found in the lateral line system and in free neuromasts \[[@pone.0159427.ref045],[@pone.0159427.ref046]\]. Both of these structures contain sensitive and high frequency sensors, suggesting that the insensitive semicircular canal sensors evolved from an ancestral design with high sensitivity. Generally, selective pressure increases sensitivity for sensory organs over evolutionary time \[[@pone.0159427.ref047]\]; here we hypothesize a sensory system for which selection appears to have favoured a *reduction* in sensitivity. Specifically, our data suggest that by reducing sensitivity, low frequency sensors such as the SCC circumvent Brownian Motion noise overload. This notion is also supported by the discovery of hair cells in the coronal organ of ascidians \[[@pone.0159427.ref048]--[@pone.0159427.ref050]\]. The coronal organ is found in the inflow-opening of these animals and probably functions to measure the flow of incoming plankton particles. Here, hair cells are found which are remarkably similar in morphology to the type II hair cells of the lateral line and of the auditory system in vertebrates. Thus we speculate that a possible succession in evolution might have occurred from hair cells in the coronal organ of lower chordates (measuring flow), to free neuromasts and lateral line cells in lower vertebrates (measuring flow and sound \[[@pone.0159427.ref051],[@pone.0159427.ref052]\]), to auditory cells in the labyrinth (measuring sound) and, finally, to type I cells in the vestibulum of the labyrinth (measuring gravity and rotation).

The vertebrate semicircular canal system plays an important role in weighing multimodal visual and proprioceptory input signals to maintain equilibrium and balance \[[@pone.0159427.ref053],[@pone.0159427.ref054]\] and is thus essential in ensuring that an animal's stance and posture are well-suited to the behaviours that may need to be initiated or are already underway. Successful detection of very low frequency mechanical stimuli allows for coordinated and controlled movements through complex environments, opening previously unexploited niches to early vertebrates.
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